Abstract. This paper describes major features of a new optical software package, PV Optics, and presents a brief summary of the results of applying this program to analyze amorphous silicon solar cells. Some examples are given, mainly to demonstrate the nature of calculations that can be performed with this program for a-Si cell design.
INTRODUCTION
The current designs of amorphous Si(a-Si) solar cells have overcome a major problem associated with the Staebler-Wronski effect by going to thinner and multi-junction designs (1) .
However, thinner cells require very effective light-trapping. The most common way to incorporate light-trapping is to use a textured, transparent conductor in the superstrate-type cells, and a textured metal in substrate-type cells. Subsequent thin-film depositions carry this texture through the entire structure in a conformal manner. Use of texturing and many other design features in the current cells is very difficult or even impossible to handle by simple optical analysis. These features include (i) nonplanar interfaces; (ii) a combination of thick and thin layers; (iii) multiple semiconductors of different optical properties; and (iv) dielectric and metal coatings. More-mature numerical analysis tools are needed to deal with the optical design and analyses of these cells and modules. In this paper, we describe some important features of a new software, PV Optics (2) , and briefly discuss its applications to a-Si solar cell analysis and design.
FEATURES OF PV OPTICS
PV Optics is applicable to optical design and analysis of thick cells, thin cells, and modules. It is capable of:
• Analyzing device design with as many as three active semiconductor layers, plus a glass cover, encapsulation, antireflection coating, buffer, and metal backing.
• Calculating photon absorbance as a function of depth and maximum achievable current density (MACD) within each semiconductor layer.
• Calculating reflection, transmission, and absorption spectrum and metal absorbance as a function of wavelength.
• Outputing the results in a format compatible with any commercial graphical packages.
PV Optics allows a very simple means of setting up a desired cell configuration and defining the input parameters to desired values with a simple click of the mouse, and records of each run can be saved for future analysis. The results can further be used in an electronic model like AMPS(3) or PC1D(4) for complete cell-performance prediction. It offers a choice of direction of light illumination of the solar cell for ease of dealing with both superstrate-and substrate-type cells. PV Optics can be used not only for the analysis, but also, for effective design of a solar cell. One can optimize parameters such as thickness, textures type, antireflection coating, and metallization for any cell.
OPERATING PRINCIPLES OF PV OPTICS
PV Optics is designed to handle wafer-based cells, as well as thin-film cells. Its sophisticated model uses the coherence length of light as a criterion to categorize various regions of a cell as "thin" or "thick" -the former have thicknesses less than the coherence length of light and include interference and polarization effects; the latter are much thicker than the coherence length and are treated on the basis of ray optics. The model separates a multilayer structure into several composite layers, each as a "thin" or "thick" group. Each group of layers is analyzed, and the entire structure is reassembled. Regions such as glass superstrates or encapsulation layers having thicknesses greater than a few microns, as well as textured structures, are treated in a non-coherent regime. Thin and specular layers, such as those used for antireflection (AR) coatings and in thin-film a-Si devices, are treated as coherent regions. Figure 1 is a schematic illustrating the methodology of performing noncoherent calculations. This figure shows a beam of unit intensity that is incident on a sample that has an arbitrary surface morphology. The beam is split into a large number of beamlets that impinge on a small region of the surface. Each beamlet is allowed to propagate within the sample, and we keep track of its entire path while it undergoes reflections, transmission, and absorption, until the energy in the beamlet reaches a predetermined (negligible) value. MACD is calculated by adding the total absorbance corresponding to an AM1.5 input spectrum. In the case of a multijunction device, the absorbance in each layer is calculated to determine MACD for each junction.
RESULTS
In this section, we present results of calculations for a number of cell and module structures. To illustrate PV optics' ability to handle non-planar interfaces, we start with calculating the optical properties of the simple structures shown in Figure 2a and 2b. Both of these structures have three layers: glass/0.9-µm SnO 2 /1-µm a-Si; the only difference is that there is 0.3-µm-high texture at the SnO 2 /a-Si interface in the structure of Figure 2b . The light is normally incident from the glass-side of each structure. Figure 3a shows the calculated reflectance, transmittance, and absorption as a function of wavelength of these two structures, based on non-coherent analysis. As expected, in the wavelength range of visible light, the reflectance of the structure with interface texture is lower, whereas its absorption is higher than that of the non-textured structure; in the wavelength range greater than 0.7 µm the reflectance behavior is reversed. These features result in a higher MACD (16.64 mA/cm 2 ) for the textured structure vs. 12.03 mA/cm 2 for the planar structure. As indicated earlier, PV Optics recognizes the coherent and the noncoherent nature of a structure. Figure 3b shows the results of the calculation for the structure 3a, using coherent calculations -the generation of interference fringes due to thin SnO 2 and a-Si is observed.
For the next example, we consider two structures representing triple-junction cells, as shown in Figures 4a and 5a . These two structures have three semiconductor layers (a-Si-T, a-Si-M, and a-Si-B, for top, middle, and bottom cells, respectively), AR coating, Al backcontact, and glass encapsulation. The structure in Figure 5a has a 0.2-µm-thick buffer layer inbetween the a-Si-B and Al. The Figures 4b and 5b show the calculated reflection, total absorption, absorption in each a-Si layer, and metallic absorption of the structures shown in Figures 4a and 5a , respectively. From these figures, we see the following: (i) there is strong absorption in metal layer without buffer; the metal loss can be reduced dramatically, from 9.8mA/cm 2 to 3.1mA/cm 2 , by adding a buffer layer, (ii) the bottom cell gets the most benefit from the buffer. The absorption in it increases along entire the wavelength range, and its MACD increases about 32% (from 5.9 mA/cm 2 to 7.8 mA/cm 2 ), whereas the MACD of the top a-Si layer increases only about 1%, (iii) the reduction in the metal absorption by the buffer layer is considerably more than the increase in the total absorption of the entire device.
The third example, we consider the effect of changing the thickness of the bottom cell on the photocurrent from each cell in a configuration of Figure 4b . The results are shown in Figure 6a . We see that the dominant change due to increasing the bottom-cell thickness is in the photocurrent of the bottom-cell, with some reductions in the middle and the top cells. The metallic loss, associated with the changes in the bottom-cell thickness, is shown in Figure 6b . As expected, the loss decreases with increase in the bottom-cell thickness. These results can be qualitatively understood by recognizing that an increase in the bottom cell thickness reduces the light intensity at the bottom-cell/Al interface, with a concomitant reduction in the light reflection.
CONCLUSIONS
The examples illustrated in this paper indicate of the capabilities of PV Optics. Some general conclusions can be made: 1. Light-trapping is essential in thin cells. Texturing the substrate or the superstrate is an effective way to include light-trapping in an a-Si solar cell. We have assumed conformal texturing initiated by texturing TCO or the substrate for superstrate or the substrate configurations, respectively. 2. Metallic reflectors can introduce substantial losses. This loss can be reduced by introducing a buffer region, consisting of a low-refractive-index material between the semiconductor and the metal. In general, an increase in the buffer thickness leads to lower metallic loss. 3. We have seen that the use of a back-reflector affects the bottom-cell current most and the top-cell current least. This behavior can be used in developing the current matching conditions for a multi junction device. 4. Antireflection effects of the TCO can be quite effective. Texturing makes AR effects very broadband. 5. Texturing must provide both reduced reflectance, as well as an increase in the absorption. As a general rule, it is preferred to incorporate texture at an interface that is close to the front of the cell. This allows minimization of the first cell thickness. 6. Having a non-conformal texture, in which the metal-semiconductor interface can be planar, can minimize the metal loss. Increasing the metal-semiconductor area increases the absorption in the metal.
